developmental delay. Less commonly (21%), craniosynostosis may be may also associated with over 180 syndromes. These syndromes (e.g., Apert, Pfeiffer, or Saethre-Chotzen) frequently present with various limb malformations, multi-suture synostosis and exhibit overlapping phenotypes. Morphological and functional consequences can be more severe as compared to the nonsyndromic patients and include, but are not limited to, raised intracranial pressure, chronic cerebellar tonsillar herniation, cognitive impairment, exorbitism, oculo-orbital disproportion, visual impairment, midface hypoplasia, and sleep apnea [Wilkie, 2005; Passos-Bueno et al., 2008] . Due to the clinical complexity of these symptoms, a long-term multidisciplinary treatment in a specialized center is warranted. Treatment options for craniosynostosis are still exclusively surgical and basically involve skull vault osteotomies with posterior and/or anterior expansion as well as various forms of craniofacial osteotomies. Although surgical (e.g., distraction osteogenesis) and anesthesia techniques have steadily evolved, these procedures are still associated with morbidity for the infant such as risk of infection, bleeding, venous air emboli, and brain damage [McCarthy et al., 2012] . In order to potentially develop nonsurgical methods to treat or even prevent craniosynostosis in the future, the origin of premature cranial suture fusion remains to be deciphered. While the cause of nonsyndromic craniosynostosis remains elusive and is likely to be multifactorial involving genetic and environmental components, much progress has been made in the last decades in delineating the molecular cause of syndromic forms of this condition (OMIM) [Wilkie, 2005; Passos-Bueno et al., 2008] .
However, it was not until 1993 that Jabs et al. first identified a specific gain-of-function mutation (p.P148H) in the gene coding for the transcription factor MSX2 as a genetic cause in a large family with Boston-type craniosynostosis [Jabs et al., 1993] . Although only one additional mutation in MSX2 could be detected until recently [Florisson et al., 2013] , this discovery heralded a new era of research on cranial suture biology. In the following years, numerous gain-of-function mutations in genes coding for fibroblast-growth-factor-receptors ( FGFR1-3 ) as well as in the gene coding for the transcription factor TWIST1 were identified to be causative for syndromic craniosynostosis as well as sporadic cases of nonsyndromic coronal synostosis [Muenke et al., 1994 [Muenke et al., , 1997 Reardon et al., 1994; Rutland et al., 1995; Wilkie et al., 1995; el Ghouzzi et al., 1997; Howard et al., 1997] . In their study, Wilkie et al. [2010] showed that 21% of children within their cohort had a proven genetic cause for their craniosynostosis, among which included gain-of function mutations in FGFR2 (32%) and FGFR3 (25%) and loss-of-function mutations in TWIST1 (19%). These single-gene mutations are represented in over three-quarters of monogenic diagnoses among which Crouzon, Pfeiffer, Apert, Muenke, and Saerthre-Chotzen syndromes are the most frequently encountered [Wilkie et al., 2010] . With the recent implementation of next-generation sequencing technologies, over 52 genes have been associated with craniosynostosis [Laue et al., 2011; Keupp et al., 2013; Ehmke et al., 2017; Miller et al., 2017] . While treatment of nonsyndromic and mutation-negative patients in most cases does not necessitate more than one operation, this is not the case for mutation-positive patients. Multiple surgical procedures over the course of development are performed to correct for the genetically determined pathological growth inhibition and functional abnormalities. Various studies have confirmed that mutation-positive ( FGFR2-3 and TWIST1 ) patients have a significantly higher reoperation rate for complication such as recurrent intracranial hypertension or sleep apnea as compared to their mutation-negative counterparts [Thomas et al., 2005; Woods et al., 2009; Wilkie et al., 2010] . The invasiveness and morbidity associated with craniofacial surgery in the growing child has drawn the attention of researches to foster the development of biological and pharmacological treatments that might prevent or aid at reducing the frequency of reoperations. In this context, animal models such as mouse, rat, and rabbit have proven to be invaluable to dissect the role of genes in regulating the proliferation, apoptosis, and differentiation of cells within the cranial sutures. In particular, mouse models of FGFR2 -related syndromes such as Crouzon syndrome (with the C342Y substitution, the most common animal model for this condition) have been popular to test molecular and pharmacological targets for the treatment of craniosynostosis [Perlyn et al., 2006] .
In this review, we will present these alternative strategies which have been studied in various animal models and discuss their potential to be applied in humans [Holmes, 2012] .
FGF/FGFR Signaling
In humans, 4 highly conserved fibroblast growth factor receptors (FGFRs) and 22 ligands, fibroblast growth factors (FGFs) have been described, which have different patterns of expression, allowing for precise control of various molecular processes, such as in development and oncogenesis. However, only FGFR1-3 have been found to be involved in osteogenesis and craniosynostosis. The typical FGFR molecule is composed of an extracellular ligand-binding domain with 3 immunoglobulin-like domains (IgI, IgII and IgIII), a single-pass transmembrane (TM) domain, and a split intracellular tyrosine kinase domain. In the presence of heparan sulfate (HS) glycosaminoglycans, FGF binds to FGFR causing dimerization, activation of the intrinsic tyrosine kinase and auto-phosphorylation of multiple tyrosine residues on the receptor. These events result in a subsequent induction of a signaling cascade of further intracellular signaling through several downstream pathways and gene transcription in the nucleus. FGFRs can activate multiple intracellular signaling pathways such as MAPK/ERK, PLCg, and P38 but can also interact with potential downstream targets such as TGFß, BMP, TWIST1, and MSX2 which play a critical role in cranial suture patterning [Ornitz and Itoh, 2001; Itoh and Ornitz, 2004; Eswarakumar et al., 2005] [Wilkie, 2005; Passos-Bueno et al., 2008] .
In the last decade, several research groups have tried to develop strategies to inhibit overactive FGF/FGFR signaling. It appears that direct interference at the ligandbinding site or downregulation of the FGF/FGFR downstream signaling cascade seem currently to be the most promising approach in the development of molecular and pharmacological therapies for craniosynostosis. One of the possible strategies is to modulate protein levels, using a truncated FGFR1 molecule, devoid of a cytoplasmic domain, which prevents FGF2-ligand induced signal transduction leading to impaired downstream MAP kinase activation; this strategy has been investigated in a murine calvaria culture system [Greenwald et al., 2001] . Furthermore, Greenwald et al. [2001] showed that postnatal fusion of the posterior part of the frontal (PF) suture in fetal rats was prevented when this dominant-negative FGFR construct was transfected into the PF sutures in utero. Another group utilized glycosaminoglycans such as HS that are required for FGF-FGFR ligand binding and osteoblastic differentiation. They demonstrated that the manipulation of the concentration levels of HS and FGF, in a dose-dependent manner, antagonized overactivated FGFR signaling in cells transfected with the FGFR2b (S252W) mutation [McDowell et al., 2006; Melville et al., 2010] . In another study, a knock-in gene-targeting approach was employed to substitute 2 amino acids, L424A and R426A, in the juxtamembrane domain of an activated Fgfr2c in a Crouzon mouse model (C342Y). These amino acid substitutions prevented the recruitment and tyrosine phosphorylation of Frs2a (FGF receptor substrate 2), the main docking protein for FGFR2, which resulted in the development of a normal craniofacial phenotype in these mice [Eswarakumar et al., 2006] . In a recent study, Yokota et al. [2014] tested the nanogel delivery of a purified soluble form of FGFR2 carrying the S252W mutation (sFGFR2 S252W ) on calvaria tissue cultures of Apert mice. They showed that sFGFR2 S252W -impregnated nanogels disrupted FGF2-dependent proliferation, phosphorylation of intracellular signaling molecules, and mineralization of FGFR2 S252W -overexpressing osteoblasts. Furthermore, coronal suture patency was maintained where sFGFR2 S252W was applied, whereas synostosis was observed where the nanogel devoid of sFGFR2 S252W was administered. However, the biological effects observed in these culture models are still relatively difficult to interpret and translation and verification of the efficiency of these molecular treatments into in vivo assays is crucial. In another approach, a small hairpin RNA directly targeting the mutant Fgfr2 (S252W) transcripts in an Apert mouse model led to complete restoration of the normal, wildtype phenotype. Normal FGFR2 signaling was achieved by an alteration of the activity of extracellular signal-regulated kinases 1 and 2 (ERK1/2), implicating the gene encoding ERK and the genes downstream of it in disease expressivity [Shukla et al., 2007] . An overview of various molecular and pharmacological in vitro and in vivo treatment modalities is presented in Table 1 .
Apart from playing a critical role in craniofacial development, FGFR signaling has also been linked to tumorigenesis. Somatic FGFR point mutations are implicated in various cancer types such as: stomach adenocarcinoma ( FGFR1 ), melanoma ( FGFR1 , FGFR2 ), uterine (endometrial carcinoma) ( FGFR2 ), high-grade bladder cancer ( FGFR3 ), and cervical cancer [Helsten et al., 2015] . Intriguingly, somatic FGFR2 mutations which were detected in a molecular analysis of endometrial carcinomas paralleled activating germline mutations that cause Apert, Beare-Stevenson, and other skeletal dysplasia syndromes (hypochondroplasia, achondroplasia, and SADDAN) [Pollock et al., 2007] . Except for a few case reports, there is currently no epidemiological evidence indicating that patients with craniosynostosis with these FGFR mutations are at increased risk of developing cancer [Andreou et al., 2006; Rouzier et al., 2008; McDonell et al., 2015] . It appears that activating FGFR mutations exhibit differential effects depending on the stage of development, the cell lineage, and tissue type in which they occur. Although originally developed as anticancer agents, multiple smallmolecule FGF receptor (FGFR) kinase inhibitors are also currently investigated as potential treatment options for craniosynostosis [Melville et al., 2010] . It was demonstrated that premature suture fusion could be prevented when calvaria cultures from a Crouzon mouse model ( Fgfr2 C342Y ) were treated with the FGFR tyrosine kinase inhibitor PD173074, while bilateral coronal suture fusion occurred in the untreated mutants [Perlyn et al., 2006] . In another study, coronal sutures remained patent when Crouzon ( Fgfr2c C342Y/þ ) mouse calvaria was cultured in the presence of PLX052, a small-molecule inhibitor of FGFR [Eswarakumar et al., 2006] . Similarly, Yin et al. [2008] demonstrated that calvaria obtained from an Apert syndrome ( Fgfr P253R ) mouse model would undergo partial alleviation of premature coronal suture fusion when cocultured with the Erk1/2 inhibitor (PD98059) [Yin et al., 2008] . Shukla et al. [2007] were the first to explore the potential of the MEK1/2 inhibitor U0126 in vivo, in an Apert mouse model. U0126 was injected intraperitoneally into female mice carrying pups with the Fgfr2 þ/S252W mutation. Most of the offspring were phenotypically normal at birth including patent coronal sutures. However, their results were difficult to interpret as these authors observed a marked difference between males and females. In order to obtain the best therapeutic response, it appeared that early drug delivery (postnatal day 5) was crucial to completely reverse the phenotype in males. Female pups exhibited an unstable phenotypic expression after birth, including death independent of the time points of U0126 injection [Shukla et al., 2007] . In a more recent study, a p38 kinase inhibitor (SB203580) was employed to treat mice with a Beare-Stevenson cutis gyrata syndrome, which is characterized by craniosynostosis and epidermal hyperplasia. Although Fgfr2 +/Y394C mice that received injections with SB203580 in utero had an amelioration of skin abnormalities, there was no obvious improvement of the skull phenotype [Wang et al., 2012] .
TGFß/BMP Signaling
The TGFß superfamily is composed of more than 2 dozen structurally related signaling molecules that mediate numerous steps in normal development and growth. According to structural and functional criteria, TGFß can be grouped into 2 main classes: (1) TGFßs/activins and (2) bone morphogenetic proteins (BMPs) [Cohen, 2003; de Caestecker, 2004; Rawlins and Opperman, 2008] . Immunohistochemical studies on fused human suture samples revealed that TGFß1, TGFß2, and TGFß3 were differentially expressed in the dura and in the osteoblasts lining the periosteal surfaces of the skull vault bones during and after suture morphogenesis [Roth et al., 1997] .
The differential expression patterns of TGFß isoforms in fused and open sutures have been assessed [Opperman et al., 1997; Roth et al., 1997] . During the normal process of posterior frontal suture closure in rats, increased expression of TGFß1 and TGFß2 with a declining level of TGFß3 could be detected, whilst the opposite was noted in patent sutures, where increased immunoreactivity of TGFß3 and downregulation of TGFß1 and TGFß2 was apparent [Opperman et al., 1997] . The effect of alternating TGFß levels has been extensively studied both in vitro and in vivo models [Roth et al., 1997; Opperman et al., 1999 Opperman et al., , 2000 Chong et al., 2003] . Experiments showed that the addition of the TGFß2 protein or the use of neutralizing anti-TGFß3 antibodies in fetal rat calvaria culture induced suture obliteration with increased cell proliferation before suture fusion. Conversely, coronal sutures were rescued from obliteration by the addition of TGFß3 or by using neutralizing TGFß2 antibodies delivered via a collagen vehicle [Opperman et al., 2002; Moursi et al., 2003] . Consistent with these findings, subperiosteal delivery of TGFß3 in an in vivo New Zealand white rabbit model of familial craniosynostosis rescued coronal sutures from fusion, while in another experiment, local application of anti-TGFß2 antibodies into suturectomy sites prevented postoperative re-synostosis [Chong et al., 2003; Mooney et al., 2007] . It appears that TGFß isomers control the cell proliferation in the suture and the surrounding bone fronts, and therefore, any alteration in the balance between these growth factors affects proliferation and apoptosis, which ultimately determines suture fate [Rawlins and Opperman, 2008] . Additionally, extra-cel-lular signal-related kinases (Erk1/2) have been identified as potent downstream modulators of TGFß2. When coculturing embryonic mouse calvaria with TGFß2 in the presence or absence of the Erk1/2 inhibitor PD98059 (PD), Opperman et al. [2006] demonstrated that blocking Erk1/2 not only leads to the downregulation of Erk1/2 expression and phosphorylation, but also results in the disruption of TGFß2-related suture fusion. In a more recent study, Gosain et al. [2009] transfected murine dura cells with a selective siRNA pool to knockdown TGFß1 mRNA transcripts. They showed that mRNA levels of TGFß, FGF2, FGFR1, and TGFR2 were significantly reduced. Although their results indicate that the application of TGFß1 siRNA may have the potential to change signaling in the mouse dura, which is responsible for suture fusion in vitro , they also noted that the suppression of FGF2 and FGFR1 mRNA was only transient, indicating that there might be cross-talk between TGFß1 and FGF2 signaling, thus necessitating further investigation.
BMPs belong to the extensive TGFß family of growth factors and play several roles in skeletal development [Mooney et al., 2004] . Several investigators have also analyzed the role of BMPs in suture formation. Using in situ hybridization, a group led by Thesleff demonstrated the presence of BMP2, BMP4, and BMP7 in osteogenic bone fronts as well as BMP4 and BMP7 in the suture mesenchyme and underlying dura mater [Kim et al., 1998 ]. Once the sutures had been formed, expression levels of BMP4 and subsequently BMP2 were found to decline [Kim et al., 1998 ]. Despite these observations, Warren et al. [2003] hypothesized that BMPs and their antagonist Noggin must play a role in suture morphogenesis. They found Noggin to be expressed in patent coronal, sagittal, and posterior frontal sutures, whilst being downregulated during the process of fusion. Although BMP4 induces Noggin expression, FGF signaling blocks Noggin translation in a dose-dependent fashion, either by direct application of FGF2 or by transfection of osteoblasts with FGFR2 gain-of-function mutations. Finally, overexpression of Noggin using an adenovirus in postnatal mice at day 3 led to abnormal maintenance of the posterior frontal suture. Thus, the authors of this study concluded that overactive FGF/FGFR signaling (as seen in FGFR2 gain-of-function mutations) decreased sutural expression of the BMP antagonist Noggin, leading to increased suture osteogenesis and eventually suture fusion [Warren et al., 2003 ]. Subsequently, Shen et al. [2009] could demonstrate in their chimeric rat model that coronal sutures remained patent when xenotransplantation with mutant FGFR2 osteoblasts was performed together with co-application of recombinant human Noggin. To test the long-term effects of Noggin exposure on suture patency in a murine model, a gel-foam scaffold loaded with Noggin and GFP-expressing cells was placed onto the suturectomy sites. However, the effect of Noggin treatment was transient and limited to the initial phase of bone healing and the inhibition was not significant compared with untreated controls 12 weeks after surgery. The authors concluded that either "(1) long-term Noggin exposure was never achieved (e.g., through the death of implanted cells or the loss of Noggin expression in implanted cells); or (2) Noggin treatment, regardless of the duration, only has effects in the initial phases of bone healing" [Cooper et al., 2009] . From these studies, it appears that the understanding of the effects of Noggin gene therapy for the long-term prevention of re-synostosis still require further investigation.
Future Outlook
Currently the mainstay of craniosynostosis treatment remains surgery. Although in recent years there have been several endeavors undertaken to test agents, utilizing in vitro and in vivo assays, plenty of issues need to be resolved before the implementation of molecular and pharmacological therapies in humans can become a realistic option in future.
In most cases, craniosynostoses are unanticipated at birth and only a few familial forms have been reported. While at least 50% of craniosynostosis syndromes arise by de novo mutations in FGFR1-3 , point mutations in nonsyndromic craniosynostosis, which represent the majority of cases, are only occasionally detected. Although the first GWAS for sagittal synostosis identified 2 significantly associated loci, one located downstream of BMP2 (encoding a ligand in BMP signaling) and the other within an intron of BBS9, the etiology underlying nonsyndromic craniosynostosis remains elusive [Justice et al., 2012] . This also means that at present there is no direct molecular target that could be genetically or pharmacologically tackled.
The FGFR2 mutations that underlie conditions such as Apert syndrome occur at an average rate of 10 5 per male gamete, and their likelihood increases with paternal age [Goriely et al., 2003] . Analysis of various Apert mouse models has shown that coronal suture fusion occurs as an early embryonic event, at embryonic days 13.5-15.5, a gestational period in mice that corresponds to weeks 10-12 in humans [Holmes et al., 2009; Melville et al., 2010] . However, there is currently no routine screening proce-dure available to identify de novo mutations prenatally. As there is little reason to assume that a fetus has a rare craniosynostosis syndrome, the chance of early detection and potential treatment in utero is challenging [Melville et al., 2010] .
Tyrosine kinase inhibitors, originally designed for oncologic applications by targeting aberrant FGFR signaling, currently appear to be the most effective treatment option as documented in various in vitro and in vivo studies ( Table 1 ) [Helsten et al., 2015] . In utero treatment by intraperitoneal injection of tyrosine kinase inhibitor (U0126) into pregnant mice carrying pups with Apert syndrome has been attempted by Shukla et al. [2007] . These authors were not able to rescue the craniosynostosis in all heterozygous mutant pups. Early and continuous delivery of the kinase inhibitor was shown to be essential for the treatment success in male pups, while in females, the phenotypic expression was unstable [Shukla et al., 2007] . An independent confirmation of the findings of this study has not yet been reported. In another study, Wang et al. [2012] injected a p38 MAP kinase inhibitor in utero into mice with Beare-Stevenson syndrome; however, they were unable to rescue the craniofacial phenotype and only partially succeeded in attenuating the skin malformations in this model [Wang et al., 2012] . These experiments clearly indicate that despite a tractable molecular target, there are still many variables involved in the treatment success, such as specificity of the applied agent as well as timing and duration of drug delivery. As there is a lot of cross-talk between activated downstream FGFR signaling pathways, it is unlikely that one agent alone will be sufficient to suppress all syndrome-associated features. Therefore, intrauterine treatment with pharmacological agents such as tyrosine kinase inhibitors may have unpredictable and deleterious effects on the developing fetus. As previously discussed, most craniosynostoses occur as a prenatal event which would require early detection and treatment in utero to be successful. However, there exist multiple reports describing cases of lateonset Crouzon syndrome with progressively developing craniosynostosis after birth [Perlyn et al., 2006] . It is conceivable that in this subset of patients, postnatal application of a tyrosine kinase inhibitor could prevent further suture fusion of the cranial vault, skull base, and midface. Prevention of progressive cranial suture fusion (e.g., pansynostosis) or skull base synchondrosis fusion is especially relevant as these children often require multiple surgeries to correct for intracranial hypertension, ocular proptosis, and maxillary hypoplasia. Postnatal application of tyrosine kinase inhibitors as an adjuvant to surgical therapy could therefore possibly reduce the genetically determined growth disturbances and limit the frequency and/ or invasiveness of surgical interventions [Perlyn et al., 2006] . Without doubt, prenatal safe drug dosage and in utero delivery imposes a greater challenge than postnatal strategies. Nevertheless, the long-term toxicity of TKI in children is unknown. Shukla et al. [2007] demonstrated that continuous application of tyrosine kinase inhibitor (U0126) was required to maintain postnatal phenotypic stability in Apert mice, which however led to lethality among some pups [Shukla et al., 2007] . It is unclear whether drug intoxication or developmental defects associated with the Fgfr P253R mutation led to the early demise of the pups. Negative side effects from systemic delivery of tyrosine kinase inhibitors have been documented for adult oncologic patients, therefore drug safety remains a major concern and limitation in the application of tyrosine kinase inhibitors in developing infants. Owing to the high costs of drug development, safety monitoring and efficacy testing, it is highly unlikely, that agents that do not have an application in oncology will be specifically designed for infants with rare craniosynostosis syndromes in the near future [Wilkie, 2007] . The exploration of safe drug delivery techniques, ideal dosage, and application timing seem to be the most important issues that need to be tackled to reduce the side effects of the application of systemic tyrosine kinase inhibitors.
Summary
Although tremendous progress has been already achieved in the last decades, expanded knowledge of the molecular mechanism underlying craniosynostosis is still warranted. The underlying cause of nonsyndromic craniosynostosis still remains to be elucidated, which implies that there is currently no direct molecular target that could be genetically or pharmacologically tackled. On the contrary, animal models of FGFR2-related syndromes have proven to be useful for in vitro and in vivo studies of syndromic craniosynostoses. It appears that direct interference at the ligand-binding site or downregulation of the FGF/FGFR downstream signaling cascade by means of tyrosine kinase inhibitors are the most promising approaches in the development of molecular and pharmacological therapies. At present, an application of these therapies in humans however seems not to be possible, since craniosynostosis mostly occurs as a prenatal event, and no routine screening procedure is available to identify de novo mutations in utero. Postnatal systemic long-time drug application with tyrosine kinase inhibitors might potentially have beneficial effects on the craniofacial phenotype. However, its application is limited by the unpredictable and deleterious toxic effects that need to be anticipated in the developing infant. Further research is required to improve prenatal detection techniques and drug safety before biological and pharmacological therapies will become feasible to treat children with craniofacial conditions and potentially abrogate the need for surgical intervention in the future.
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